The 2006 Sago, Darby, and Aracoma mine disasters in the United States (US) forced the US government to implement the 2006 MINER Act and additional regulations that require all US underground coal mines to install and maintain refuge chambers to manage entrapment emergencies, in particular, fires and explosions. However, there is a debate on whether barricading in refuge chambers is a good strategy to survive such emergencies. Australian coal mines are not required to use refuge chambers and, instead, have adopted a strategy that focuses on instructing and training miners to self-escape to the surface. This paper analyzes merits and problems of using refuge chambers and self-escape to the surface to manage emergencies in fires or explosions in an underground coal mine. The authors found that the use of refuge chambers may not be the best strategy during extensive fires or when multiple explosions happen. In these situations, mine rescuers are unlikely able to extract miners who are sheltered in chambers and conversely, self-escape may save more lives than sheltering. Chances for successful self-escape are further improved by regular, externally assessed training such as Level 1 Emergency Exercises required in the Australian State of Queensland. These exercises put pressure on mine operators to ensure and maintain the effectiveness of their emergency management system.
Introduction
On 2 January 2006, a methane-air explosion occurred inside a sealed, mined-out area at the Sago coal mine in the State of West Virginia, USA. Twelve miners perished in this disaster. Following this, the United States (US) government implemented regulation 30 CFR §75.1506 and accompanying rules that require all US coal mining companies to install and maintain refuge chambers in their underground mines to manage mine emergencies where miners may be trapped underground. Refuge chambers have long been used in underground hard rock mines, where trapped miners can go to the nearest refuge chamber and shelter there until the hazard is no longer present and/or mine rescue teams extract them and bring them back to the surface. Miners who are able to safely escape to the surface are trained to do so, rather than going to a refuge chamber.
A refuge chamber is a stationary or movable/mobile chamber where miners take refuge during entrapment emergencies such as fires, explosions, roof falls, and inundations. The chambers provide the miners with 96 or more hours of full life support including breathable air, food, water, and waste disposal. Many stationary and some movable chambers are equipped with air conditioning as well. Stationary or "inplace" chambers typically have permanent and independent power and voice communications, compressed air supply lines and, in some cases, a supply borehole to the surface where food, water, medications etc. can be supplied to the trapped miners. Movable chambers can have independent power and voice communications that are powered by battery. Supply boreholes can extend life support beyond the typical 96-h self-supported limit. Unless other provisions are available, miners must be rescued from the chamber within this period.
Fires in underground coal mines can be far more hazardous than those in underground hard rock mines as the coal itself is a fuel source that can support fires for months and even years.
In hard rock mines, fuel sources are limited: A typical piece of equipment will only burn for a few hours until fuel, tires, and other combustibles are consumed. Another hazard common to coal mines is the presence of methane which often accumulates in explosive concentrations when the ventilation system is compromised, a common issue during mine fires and explosions.
If coal mine refuge chambers contain electrical components, these must be constructed to meet coal mine permissibility standards for explosion prevention. US regulation 30 CFR §7.505 requires that coal mine chambers must be able to withstand an explosion overpressure of 1 atmosphere (15 psi) for 0.2 seconds prior to deployment as well as a flash fire of 150°C (300°F). In the USA, hard rock mine refuge chambers do not have these requirements.
Not all underground coal mines worldwide use refuge chambers to manage fire or explosion emergencies. Australian regulations do not require refuge chambers in coal mines. Australian mining industry strategy focuses on instructing all miners to self-escape to the surface in these emergencies although there is still a debate whether these mines should use refuge chambers like in the USA. It has to be noted that this strategy is promoted as the primary strategy in coal mines emergencies by the National Institute of Occupational Safety and Health (NIOSH), a US government agency that focuses on workers' safety and health, and Mine Safety and Health Administration (MSHA), a US government agency that develops and enforces safety and health rules for all US mines. Both agencies recognize that the use of refuge chambers is a "last resort."
Another place where miners can take refuge is barricading. In US coal mines, barricading was taught as a method to shelter trapped miners until 2006. The authors learned that barricading did not work during 2006 Sago explosion. Eleven miners died of CO poisoning after barricading. Even if a barricade is airtight and erected in fresh air, miners will eventually succumb to CO 2 asphyxiation.
Differences Between Fires in Underground Hard Rock and Coal Mines
In order to start analyzing the two emergency management strategies, the authors looked at differences between fires in underground hard rock and coal mines, as shown in Table 1 . Table 1 shows that fires in underground hard rock mines are less hazardous and short-lived compared with those in underground coal mines. Fires in underground hard rock mines are easier to manage. When one of the authors was working in a gold mine in Kalgoorlie-Boulder in Australia in 2008-2011, there were three truck fires. All of them were extinguished within 30 min, and all miners managed to reach refuge chambers. They were extracted by the mine rescue team within 1 h. Extraction by a rescue team is mandated in Australian hard rock mines even though miners may be able to self-escape after the fire is out and ventilation has been restored.
In coal mines, a fire can be difficult or impossible to extinguish as the burning coal itself may supply sufficient oxygen to sustain a smoldering fire for years and decades even if mine management is successful in flooding the mine with water or inert gases. Following are examples of coal fires that have been lasting for years: [4] .
The differences between fires in underground hard rock and coal mines have a significant impact on the feasibility of using refuge chambers in both mines. Using refuge chambers may be a successful strategy in hard rock mines because fires are short-lived and miners can exit the mine as soon as the fire is out and the mine air quality has been restored through ventilation. The long-term fire and explosion hazard in coal mines makes it much riskier to seek refuge and await rescue, bearing the question whether miner should use refuge chambers in coal mines at all. Figure 1 shows an example of a 12-person, movable refuge chamber for a hard rock mine. This chamber is tall enough for miners to stand upright inside. The chamber width is matching the drift size in hard rock mines, typically 4 to 6 m. Figure 2 shows an example of a 12-person, movable refuge chamber for a coal mine. Chambers for use in coal mines may be lower in mines with lower entry heights. Often, coal chambers are also wider as rectangular coal mine entries are typically 5 to 6 m wide.
Discussion on Using Refuge Chambers in Underground Coal Mines
During a mine fire or in a mine atmosphere contaminated by explosion gases, miners protect their lives by using CO filter self-rescuers that do not provide oxygen, self-contained selfrescuers (SCSR) with bottled or chemical oxygen, or compressed air breathing apparatus (CABA). Most current devices provide breathing support for one (1) hour and must be exchanged or re-charged before their capacity expires. Depending on the conditions of the underground walkways, doors, stairs and grades to be negotiated, available height, and physical condition of the miners, the walkable distance during this hour may vary. A study by Kovac et al. [7] shows that the probability of survival drops drastically as the escape distance exceeds 2000 m. The study evaluates and includes the time miners need to don their rescue breathing apparatus and accounts for other difficulties encountered during the escape, including decision-making, choice of escape routes, and group dynamics. Consequently, US regulation 30 CFR §75.1506 requires that the first refuge chamber must be installed within 300 m from the mining face. This requirement necessitates the use of movable chambers because the face can advance by 30 m per day. Additional chambers must be provided within 1-h travel distances along the escape route so that no miner is more than 30 min away from a refuge chamber at any given time.
MSHA regulations require refuge chambers to support life for at least 96 h. During a fire or if explosion hazards are present, there is a possibility that the mine rescue teams are unable to enter the mine and rescue the miners from the refuges. For example, multiple secondary explosions prevented rescue during the Moura No. 2 disaster in the State of Queensland, Australia in 1994 [8] and the Pike River disaster in New Zealand in 2010 [9] . In both cases, authorities decided that the conditions were too dangerous for mine rescue teams to enter the mines. Authorities subsequently decided to seal both mines, leaving the bodies of the deceased miners buried underground.
In situations like Moura No. 2 and Pike River, refuge chambers may not be the best strategy. It can be argued that, in other disasters, such as Sago and Upper Big Branch, the mine rescue teams were able to enter the mine within 96 h [10, 11] . However, in the Upper Big Branch case, most miners close to the longwall died instantly from direct explosion and burn trauma or from CO exposure and were unable to enter refuge chambers. Eight miners tried to escape by rail but their mantrip got stuck in debris from the explosion and seven miners were overcome with CO; the 8th miner was able to walk out. These seven miners might have survived had they been able to shelter in a refuge chamber. Likewise, the disasters in Australia and New Zealand demonstrate that there is a likelihood that miners may not be able to enter a refuge Fig. 2 A coal mine refuge chamber [6] chamber and, more so, mine rescue teams may be unable to enter the mine to rescue sheltered miners. Besides these concerns, there are several other issues that question the feasibility of using refuge chambers to manage emergencies in underground coal mines. These issues will be discussed next.
Resistance to Withstand Fires and Explosions
US refuge chambers must be designed to withstand explosion pressure up to 15 psi (100 kPa). If a free-standing chamber with a cross-sectional area of 4 m 2 is unilaterally exposed to such an explosion pressure, this pressure may briefly exert a force of 400 kN on the chamber. In full-scale mine explosion tests, Weiss et al. [12] subjected a 700-kg battery charger to a static pressure of approximately 200 kPa. The charger had a cross-section area of approximately 1 m 2 , which means that it was subjected to a force of 200 kN, and was thrown a distance of 24 m. This experiment raises questions about the ability of any refuge chamber, particularly a movable chamber, to withstand direct impact from a mine explosion.
The US Army Corps of Engineers carried out a computational fluid dynamics (CFD) simulation of the Sago mine explosion. The simulations estimate that the pressure in an entry outby the seal location is higher than 50 psi (345 kPa) [13] . Zipf et al. [14] analyzed pressure measurements of experimental mine explosions in the USA, Germany, and Poland. These results show that coal mine explosions can generate pressures greater than 145 psi (1 MPa). At such high pressures, there is a likelihood that both stationary or movable chambers will be destroyed in a mine explosion.
Research by Zipf et al. [15] and Strebinger et al. [16] indicates that explosion flow through room-and-pillar mines will increase turbulence, thereby raising the flame velocity and explosion pressures. Explosions traveling through multiple entries like room-and-pillar entries and crosscuts are far more destructive than explosions propagating along single entries.
Maintaining a Breathable Atmosphere Inside the Chamber
Refuge chambers are typically equipped with a supply of oxygen and chemical scrubbers that clean CO 2 and CO from the chamber air. The oxygen supply is designed to make up for human consumption and leakage losses that occur particularly with tent-style chambers. As with all life support, breathing air supplies are designed to last at least 96 h at full occupancy level.
CO 2 and CO scrubbing can be done with battery-operated fans drawing air through chemical scrubber beds of either soda lime or lithium hydroxide. Other chambers may have passive scrubbing systems that do not require a fan or batteries: curtains filled with the scrubber chemicals that scrub the air through diffusion.
A critical time to establish and maintain chamber air quality is during entry. Although most chambers are equipped with a set of double doors which form an airlock that can be purged, there is a risk of contamination inside the chamber if the mine air contains high concentrations of toxic gases or smoke. Mine rescue teams encountered CO levels greater than 10,000 ppm (1%) after the coal dust explosion in the Upper Big Branch mine in 2010 [17] . Assuming that miners enter a refuge chamber in such an atmosphere, they would have to purge the airlock to dilute the CO concentration by a factor of 400 or more to reach an acceptable air quality of 25 ppm or less CO inside the main chamber. Bauer et al. [18] studied purging in an experimental airlock chamber, starting with an outside CO concentration of 400 ppm based on MSHA standard 30 CFR §7.508. They confirmed that each full volume exchange of the airlock chamber reduces the contaminant concentration by 50%. Thus, for a dilution factor of 400, at least nine purges are required, given that 2 9 = 512. Figure 3 shows the purge times required at different air flow rates based on the experiments by Bauer et al. [18] . US regulation 30 CFR §7.508 establishes a starting CO concentration of 400 ppm for testing and for demonstrating the purging function. Bauer et al. [18] note that the 400 ppm may not be realistic in post-explosion conditions where the CO level may exceed 1% (10,000 ppm) or more. They also note that the purging effectiveness is affected by the size and shape of the airlock and the speed with which miners can enter it.
In most chambers, the airlock only has room for 1/4 to 1/3 of the total occupancy. This means miners must enter the chamber in three to four groups. Bauer measured purge times ranging between 9.5 and 20 min for the four purge cycles required to reduce the CO concentration from 400 to 25 ppm. If nine purges are needed and assuming each purge takes about 3 min, it would take about 27 min to get each group of miners through the airlock, while the other miners must wait outside under SCSRs. Note that US regulation 30 CFR § 7.508 only provides for a 20-min time frame for all purging cycles to be completed for all occupants of the chamber. Considering these calculations and the measurements taken by Bauer et al., the stipulated 20 min purge time appears unrealistic. As most SCSRs only provide 1 h breathing capacity, there must also be a cache of SCSRs next to every chamber to protect miners while they wait to get in. Furthermore, for four teams and nine purges each, 36 purges would be required for all miners to enter the chamber. The authors are not aware of any current refuge chamber that provides air for up to 36 purges so that all miners could safely enter the chamber.
Heat Dissipation from the Chamber
An average human, at rest, produces approximately 117 W of heat [19] [20] . In addition, the CO 2 scrubbing process involves an exothermal chemical reaction that adds 40 to 50 W per person to the heat generated inside the chamber.
The ability of the chamber to dissipate this heat depends on the temperature of the air and rock inside the mine. MSHA has limited the apparent temperature in mine refuge alternatives to a heat index of 95 based on Steadman [21] (see also US regulation 30 CFR §7.504). This temperature index is based on a mathematical regression that uses dry bulb temperature and relative humidity as input parameters. At 90% relative humidity, a Steadman heat index of 95 is reached at a dry bulb temperature of 28.3°C. Figure 4 shows a graph of the Steadman heat index for a range of temperatures and relative humidities between 80 and 100%.
Physical experiments using a 10-person, tent-style chamber, along with model calculations by Yantek [22] , have shown that the occupancy level in a given chamber may need to be de-rated if the ambient temperature in the mine exceeds the maximum design temperature. In an example given by Yantek, no derating is required below 15.5°C. At 18°C, the chamber capacity must be reduced by 40%, up to 21°C by 60% and at temperatures up to 24°C, de-rating by 80% would be required. Similar de-rating curves were developed by Brune [19] for four different chamber models, as shown in Fig. 5 .
Yantek's experiments and Brune's calculations show that the atmosphere inside refuge chambers will reach condensing condition at relative humidity levels near 100%. Condensed water will pool at the floor of the chamber, which may make conditions uncomfortable especially in tent-style chambers.
Some manufacturers offer movable refuge chambers with cooling and air conditioning. These chambers require battery power but have the advantage that the atmosphere inside the chamber is maintained at a more comfortable humidity.
Air Quality Monitoring
The quality of air inside the chamber must be carefully monitored to maintain oxygen between 18.5 and 23%, CO 2 below 1%, and CO below 10 ppm (30 CFR §7.506). Handheld gas detectors can be used for this purpose but are usually not designed to function in condensing atmospheres or above 95% relative humidity as condensation may clog or incapacitate the sensors. Most gas sensors, including CO, are limited to a relative humidity below 90%. Electronic circuits may be compromised if operated in humid atmospheres. Yantek [22] demonstrated in experiments that the relative humidity inside the would rise to 93%, which makes it questionable whether Fig . 4 Graph showing the Steadman heat index, using the equation provided by Steadman [21] air quality measurements could be performed accurately inside the chambers.
Communications
Refuge chambers in US coal mines are required to have two separate forms of communication [23] . While in-place mine refuge chambers usually have wired telephone communications installed, portable chambers do not. Furthermore, explosion often damages voice and data communications lines. The ability for miners inside the refuge to communicate with the outside is critical to inform emergency managers about the wellbeing of chamber occupants and their physical and medical needs as well as to inform occupants about the progress of their rescue. If communications are not available, emergency managers will be guessing about the missing miners and miners will increasingly worry about being rescued. In the aftermath of a mine explosion, rescuers may need to drill holes near the locations of all refuge chambers to assess the atmosphere and, by lowering cameras, microphones, and loudspeakers, to determine if chambers had been deployed and are occupied. Still, this may prove inconclusive if direct communication with the miners in the chamber cannot be established. Mines increasingly employ wireless communication systems that are designed to survive explosions and fires, so in the future, portable refuge chambers will need to be tied into the wireless communication networks. Another method of communication that can be employed is using a microseismic monitoring system. Trapped miners can generate seismic waves by pounding with a hammer on walls, roof, and floor of the chamber, which would then be detected by geophones or similar acoustic sensors. However, seismic wave propagation is greatly affected by strata properties and surrounding noises such as noises on the surface, secondary explosions, and rockfalls. Also, signals produced by trapped miners carry only limited range due to the lack of energy. Therefore, the knockings might not always be detected, in particular when the trapped miner location is located far from the surface. A NIOSH contract project that evaluated SureWave Technology's seismic system for locating trapped miners carried out field tests at two US coal mines [24] . During the field testing at 2nd site, which is a relatively quiet site, the maximum depth capability of the SureWave system was bracketed to be between about 360 m (1200 ft) and 470 m (1500 ft). At the 360 m depth, with the sensors in contact with the bedrock, the system detected about 20% of the known pounding cycles, while, at 470 m depth or with the sensors mounted in topsoil, the system did not detect any pounding cycles. At a depth of 350 m (1150 ft), in a noisy environment and poor soil coupling of the sensors, the miners' pounding was detected at only 2 out of 7 underground locations and during only 2 out of 18 pounding cycles. Experience during various mine emergencies also confirmed that miners' signals could not be heard, nor located, in most cases.
Psychological Stress
Researchers at NIOSH, a US government agency that focuses on workers' safety and health, point out in publications and training presentations that self-escape from the mine is the primary course of action during an emergency. Brnich et al. [25] outline the difficulty of decision-making when a crew of miners is trapped and contemplates the use of a refuge chamber. In many mine emergency situations, miners know that something is wrong but have limited information even if communication to the surface is still functional. Following a mine explosion of fire, managers at the surface often have less information than those trapped underground. Decision-making is increasingly complex if the decision-making process lacks critical information.
Little if any research has been done to investigate the psychological effects of being sheltered or trapped in a refuge chamber. There are accounts of miners who wrote letters to their loved ones, knowing they might die underground. Figure 6 shows a letter saying goodbye to his family, written by miner Jacob Vowell to his wife, Ellen [26] . Vowell and his son Elbert were among the 216 miners who died in Fraterville coal mine explosion in Tennessee, USA, in 1902.
The letter reads:
We are shut up in the head of the entry with of little air and the bad air is closing in on us fast and it is now about 12 o'clock. Dear Ellen, I have to leave you in bad condition. But dear wife, set your trust in the Lord to help Fig. 6 A page from the good-bye letter written by Jacob Vowell, a miner who was trapped underground and died after the Fraterville Mine explosion in Tennessee, 1902 [26] you raise my little children. One can only imagine the agony that miners experience waiting for rescue in a refuge chamber, not knowing if they will be rescued within the 96 h of life support that the chamber provides. Research is urgently needed to help mining executives, managers, and regulators better understand both the decision-making process involving whether to self-escape or to shelter. Also, researchers need to work on understanding the mental stresses miners experience when they are inside a refuge, awaiting rescue.
4 Discussion on Self-Escape to the Surface When self-escaping to the surface, miners have to don their breathing apparatus to allow them to breathe clean air during the self-escape. Both SCSR and CABA have a limited air supply of, typically 1 h, so miners must changeover to a fresh SCSR or refill the CABA in changeover/refill stations placed along the escape route. Figures 7 and 8 show examples of a SCSR changeover station and a CABA refill station, respectively.
To support this escape strategy, mine safety legislation in the Australian States New South Wales and Queensland, where the majority of underground coal mines in Australia are located, prescribes that all mines must provide at least two trafficable escapeways. Each of them must be segregated from the other, i.e., an incident that occurs in one escapeway does not prevent miners to self-escape in the other escapeway [29, 30] . This is done by placing stoppings in all crosscuts or cut-throughs that link these two escapeways. Similar regulations are in place for US underground coal mines.
The ability for miners to walk for a long distance in hot, toxic, and smoky atmosphere to safely reach the surface is the main argument against this strategy. In large mines, longwall panels may be 6 to 8 km long so the distance from the working face to the mine portal can be 10 to 15 km. Even with breathing apparatus, it may not be possible for miners to walk such a long distance especially in a toxic, dust-and smoke-filled atmosphere. Moreover, since an underground coal mine has multiple ventilation splits, travel distances for miners in the aftermath of an explosion may not reach the surface.
The Australian coal industry acknowledges this problem. However, they still believe that self-escaping miners have a better chance of survival compared with those sheltering in a refuge in refuge chambers. Following a fire or explosion, it is likely that mine rescue teams are unable to enter the mine, as happened in the Moura No. 2 and Pike River disasters. To increase the success of the self-escape strategy, coal mines in the State of Queensland participate in annual Level 1 Emergency Exercises [31] . The purpose of these exercises is to test the effectiveness of the mine's Fig. 7 An example of a SCSR changeover station in underground coal mines [27] emergency management system and to practice management and communications during a major emergency. Mines test miners' successfully self-escaping to the surface but also evaluate interaction with external parties such as government agencies, the media, and public. In each exercise, the response to an incident scenario including fires and roof falls is assessed by up to 20 external auditors from government agencies, miners' unions, university researchers, and mining companies. Some scenarios include "injured" and "lost" personnel. The exercises have been running since 1998 and are organized by the Safety and Mines Testing and Research Station (SIMTARS), a Queensland Government agency that carries out research and training on mine safety and health. Major improvements in emergency management have been made due to these exercises, by improving the level of familiarity with SCSR and CABA among miners [32] . Another major improvement is the recognition that the chance of success of the self-escape is greatly enhanced by the provision of motorized transport underground [31, 33] . Figure 9 shows an example of a coal mine personnel carrier whose diesel engine meets Australian Standard (AS) 3584.2 for explosion protection. SIMTARS has demonstrated that the diesel engines in these vehicles can be safely operated in methane concentrations over 10% in air with a minimum oxygen content of 17% [32] . These diesel engines feature a separate shutoff for air entering the engine as SIMTARS demonstrated that just cutting the fuel may not shut off a diesel engine in a methane-air atmosphere.
Conclusions
There is still a debate within worldwide coal mining industry about using refuge chambers to manage emergencies in fires or explosions. The Moura No. 2 and Pike River disasters have demonstrated that there is a possibility that the mine rescue teams are unable to enter the mine following a fire or explosion. In these situations, refuge chambers may become useless as mine rescuers may not be able to extract miners who are sheltered in these chambers. In addition, mine refuge chambers may not be useful in highly contaminated atmospheres and may be damaged by mine explosions and fires.
Under these circumstances, self-escape may save more lives than using refuge chambers. Self-escape is further improved by regular training such as Queensland's Level 1 Emergency Exercise. What makes this exercise remarkable is that it is organized by the Government and is assessed mostly by external assessors, which put pressure on mine management to ensure the effectiveness of their emergency management system rather than if the exercise is organized and run internally. This exercise has made major improvements in underground coal mine emergency management since it was started in 1998. It is clear that more improvements will be made during the future exercises.
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